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of Facu
osting by EAbstract Most reinforced concrete structures suffer durability problems during their service. The
major durability problem is the corrosion of reinforcing steel which results in cracking and spalling
of concrete. Nowadays, mineral admixtures, such as silica fume and metakaolin are used to enhance
the corrosion resistance of reinforced concrete structures. In this research work, accelerated corro-
sion tests were carried out on reinforced concrete specimens made with plain, silica fume and
metakaolin blended cements. The mineral admixtures were incorporated in the mixtures as a partial
replacement by weight. The replacement percentages were 10%, 15%, and 25% of cement content
by weight. Three types of cement were used in the program which were type I, type II, and type V
Portland cement as classiﬁed by ASTM C150. Cement content of 350 and 450 kg/m3 were used in
concrete mixes with 0.40 and 0.50 water-binder ratios (w/cm). The curing mediums of specimens
were potable water and seawater medium. Also, the effect of applied voltage on the accelerated test
was studied. The current intensity, visible cracking time, and critical time up to 2 mm crack width
were recorded during testing. The weight loss of the steel was also determined after testing. The
observed superior resistance performance of silica fume and metakaolin blended cement concrete
as compared to plain cement concrete in terms of cracking time, critical time, weight loss, and
corrosion intendancy factor was monitored. Also, concrete mixes made with type I Portland cement(H.E. Elyamany).
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Table 1 Chemical analysis of ceme
Constituent percent by weight
Silicon dioxide
Aluminum oxide
Ferric oxide
Calcium oxide
Magnesium oxide
Sulfur trioxide
Loss on ignition
C3A
66 A.M. Diab et al.have a good corrosion resistance compared with that of type II and type V Portland cement
concrete mixes both cured in potable water and sea water medium.
ª 2011 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
The corrosion of reinforcing steel in concrete has received
increasing attention in the recent years because of its wide
spread occurrence in many types of structures and a high cost
in repairing these structures [1]. Infact, corrosion of reinforcing
steel in concrete is a growing international problem. It was esti-
mated that the cost of corrosion damage caused by deicing and
sea salt on high ways bridges exceeded up to $150 billion in the
United States [12].
Corrosion of reinforcing steel can damage or reduce the ser-
viceability of concrete structures. Corrosion products are
highly porous, weak, and often around reinforcing steel, caus-
ing loss of bar cross section and it causes also loss of bond
capacity due to concrete damage [6].
Corrosion activity is inﬂuenced by many factors, such as ce-
ment type, permeability of concrete, concrete cover, pH value
of concrete, concrete carbonation, and the presence of corro-
sion inhibitors etc. Cement composition has a signiﬁcant effect
on the durability performance of concrete against corrosion of
reinforcement where C3A binds chloride ions to form calcium
chloro-aluminate hydrate, thereby; causing it to be removed
from the hazardous role of corrosion promotion [2]. Low per-
meability of concrete in addition to minimize the permeability
of corrosion inducing agents increases the electrical resistivity
of concrete which retards the ﬂow of current associated with
electrochemical corrosion and in turn the corrosion rate. The
use of silica fume improves the mechanical and durability
properties of concrete. Also, it increases the electrical resistiv-
ity of concrete. The use of silica fume leads to decrease the pH
value of concrete. This is due to the fact that silica fume ce-
ment paste contains less calcium hydroxide compared with
the control paste [11]. Addition of silica fume (in quantitative
ranging from 5% to 30% by weight of cement) as a pozzolanic
admixture has been shown to reduce concrete permeability
and, therefore, enhances corrosion protection of the reinforc-
ing steel provided by the surrounding concrete [16].
When metakaolin is used in concrete, the test results shall
verify improved or comparable strength, sulfate resistance,
corrosion protective properties and other durability perfor-
mance properties of concrete, as compared to the performance
of silica fume concrete [22]. There is a lack of informationnts.
Type I cement Type II cem
20.10 20.87
5.50 5.21
3.42 4.32
61.10 62.48
4.03 1.15
2.57 2.84
2.75 2.01
8.80 6.50about corrosion resistance of concrete with metakaolin.
Although the capability of metakaolin as pozzolanic material
to improve mechanical and durability properties of concrete
if used as partial replacement of Portland cement is well noted
in concrete science, its utilization in building industry was lim-
ited to date [22]. Due to this lack of information about corro-
sion resistance of concrete incorporating metakaolin and also,
to a certain extent, silica fume concrete, this study focuses on
the effect of using silica fume and metakaolin as cement
replacement and effect of changing C3A content (cement type)
on the corrosion resistance of concrete in two types of curing
media (potable water and sea water media).
2. Experimental program
2.1. Materials
Three types of cements were used in this study. These cements
were type I, type II, and type V (ASTM C 150). The chemical
composition of these cements is given in Table 1. According to
Bougue potentials, the hydration compound of tri-calcium alu-
minate (C3A) was determined for used cement types I, II and V
and found to be 8.80%, 6.5% and 0.20%, respectively. Silica
fume and metakaolin were used as mineral admixtures. The
chemical composition of silica fume and metakaolin is also gi-
ven also in Table 1.
Crushed pink lime stone with nominal maximum aggregate
size of 3/800 and natural siliceous sand of 2.72 ﬁneness modulus
were used as coarse and ﬁne aggregates. A high-range water
reducing admixture, type F, with variable dosages was used
to achieve constant workability (slump 10 ± 1 cm).
2.2. Specimens and accelerating corrosion cell
The specimens used for accelerated corrosion test were cylin-
ders of 75 · 150 mm with steel bars of 10 mm diameter and
200 mm length placed at the middle of the specimens. After
being demolded, the specimens were water cured for 3 months
then they were immersed in corrosion cell. The electrolyte in
this cell was 5.0% by weight of NaCl solution. A constant volt
of 55.0 DC was applied between the anode (steel reinforce-
ment) and the cathode (copper plate) for the majority of thisent Type V cement Silica fume Meta-kaolin
20.20 94.5 79.12
3.44 0.88 5.96
5.29 0.39 0.44
62.88 1.75 12.5
2.66 – –
2.09 0.80 0.2
1.93 1.50 1.4
0.20 – –
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time up to the appearance of 2 mm longitudinal crack. The
time of the initial visible crack was also recorded during each
test.
2.3. Test parameters
The experimental program in this research work included
many studied parameters. These parameters were type of ce-
ment, cement content, water to cementitious material ratio
(w/cm), type and content of mineral admixture and effect of
curing medium. As mentioned earlier, the used types of cement
were type I, type II, and type V with cement content of 350 and
450 kg/m3. The used w/cm ratios were 0.4 and 0.5. Silica fume
and Metakaolin were used as replacement by 0%, 10%, 15%,
and 25% of cement content. Two types of curing mediums
were used for concrete with 350 kg/m3 cement content and
0.40 w/cm ratios. These were potable and sea water curing
media.
3. Corrosion performance parameters
There are many methods to evaluate the performance of corro-
sion resistance of concrete specimens to study the effect of the
mentioned parameters. These methods are concrete resistivity,
time of crack appearance, critical time which is the time to pro-
duce a certain crack width, theoretical and experimental
weight losses, and corrosion tendency factor.
Concrete resistivity at any time can be calculated from the
following equation [18]:
Concrete Resistivity ðOhm mmÞ ¼ R  A
d
; ð1Þ
where R is the resistance of concrete in Ohm, A is the cross-sec-
tional area of concrete specimen in mm2, and d is the bottom
concrete cover (20 mm).
The theoretical weight of corroded steel rebar Mt can be
calculated from the area under the curve of corrosion current
versus time using Faraday’s equation as follows [1]:
Mt ¼ M 
R
Tdt
Z  F ; ð2Þ0.0
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Figure 1 Current intensity–time relations for concrete specimens mwhere Mt is the theoretical mass loss of corroded steel rebar in
grams, M is the ferrous atomic weight = 55.86 gm/mole,  Tdt
is the electric charge (area under current-time relation) in
Amp.sec, Z is the ionic charge per ferrous atom = 2, and F
is the Faraday’s constant = 96485.3 Coulomb/mol of ferrous.
Corrosion tendency factor Cef can be calculated using the
following equation [7,8]:
Cef ¼ 1
Qc  Tc
; ð3Þ
where Tc is the critical time, and Qc is the area under the cur-
rent intensity curve up to critical time.
4. Results and discussions
4.1. Effect of mix proportions
4.1.1. Current intensity–time relations
Figs. 1–3 show the measured current intensity and time rela-
tion during test up to 2.0 mm crack width for concrete mixes
with and without silica fume. Generally, as the time increases,
the current intensity increases due to the corrosion and the de-
creases the concrete resistivity. After a certain time, the current
intensity generally decreases due to the polarization phenom-
ena. From these ﬁgures, at the same time, the increase of w/
cm ratio increases the current intensity. Also, for similar w/
cm ratio and time, the increase of silica fume content decreases
the corresponding current intensity. For example for concrete
with cement content of 350 kg/m3and w/cm ratio of 0.5, the in-
crease in silica fume from 5.0%, 10% to 15.0% leads to a
decrease in the current intensity after 50 h by about 28.0%
and 40.7%, respectively. The effect of cement content is also
clear where at the same w/cm ratio and percentage of silica
fume replacement; the increase of cement content decreases
the current intensity at the same time. This trend is the same
for concrete mixes made with metakaolin as shown in Figs.
4–6.
4.1.2. Time of ﬁrst crack appearance
Time of crack appearance inﬂuences the service life of the rein-
forced concrete structures. The increase of the time of ﬁrstTime (Hrs)
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Figure 2 Current intensity–time relations for concrete specimens made with type II Portland cement with and without silica fume.
0.0
100.0
200.0
300.0
400.0
500.0
0.0 50.0 100.0 150.0 200.0
Time (Hrs) Time (Hrs)
C
ur
re
nt
 In
te
ns
ity
 (m
A)
0.0
100.0
200.0
300.0
400.0
500.0
C
ur
re
nt
 In
te
ns
ity
 (m
A)
0.0 50.0 100.0 150.0 200.0
(a) Cement content = 350 kg/m3 (b) Cement content = 450 kg/m3
W/C 0.5 0% W/C 0.4 0% W/C 0.5 10%
W/C 0.5 15% W/C 0.4 15% W/C 0.5 25%
W/C 0.5 0% W/C 0.4 0% W/C 0.5 10%
W/C 0.5 15% W/C 0.4 15% W/C 0.5 25%
Figure 3 Current intensity–time relations for concrete specimens made with type V Portland cement with and without silica fume.
68 A.M. Diab et al.crack appearance means a good corrosion resistance of the
structure. Fig. 7 shows the time of crack appearance for con-
crete mixes made with type I Portland cement with and with-
out mineral admixtures. From this ﬁgure, the use of silica
fume and metakaolin has a signiﬁcant effect on the time of ﬁrst
crack where the use of 10.0% and 15.0% mineral admixtures
increases the time of ﬁrst crack appearance as compared to
that of control mix. For concrete mixes with 25.0% the time
of ﬁrst crack is less than that of other mixes.
As an example, the increase in the time of ﬁrst crack for
concrete specimens made with type I Portland cement is about
14.0% and 20.0% for concrete incorporating 10.0% and
15.0% silica fume with 350 kg/m3 cement content and
0.50 w/cm ratio as compared to that of the control mix (made
without silica fume).
The effect of w/cm ratio is also clear, where the decrease of
w/cm ratio, as expected, increases the time of ﬁrst crack
appearance. This trend is the same for concrete mixes withand without metakaolin. Also, it is clear that the increase of
cement content increases the time of ﬁrst crack for concrete
mixes made with and without mineral admixtures. Similar
ﬁnding can be observed for concrete mixes made with type II
and type V Portland cement as shown in Figs. 8 and 9.
From the comparison betweenFigs. 7–9, it is clear that con-
crete mixes made with type I Portland cement have time of ﬁrst
crack higher than that of other types of cements. As an exam-
ple, for concrete mixes made with silica fume, the maximum
reduction due to the use of type V Portland cement instead
of type I cement is about 12.5% for concrete mix with cement
content 450 kg/m3 and w/cm ratio of 0.50 for concrete mix
15.0% silica fume. The comparison between concrete mixes
with silica fume and metakaolin indicates that the metakaolin
concretes have times of ﬁrst crack higher than those of silica
fume concretes. This is because metakaolin is rich in aluminum
dioxide, thus it hinders the penetration of chloride ions and re-
duces the rate of corrosion.
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Figure 4 Current intensity–time relations for concrete specimens made with type I Portland cement with and without metakaolin.
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Figure 5 Current intensity–time relations for concrete specimens made with type II Portland cement with and without metakaolin.
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Figure 6 Current intensity–time relations for concrete specimens made with type V Portland cement with and without metakaolin.
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Figure 7 Time of ﬁrst crack for concrete specimens made with type I cement.
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Figure 8 Time of ﬁrst crack for concrete specimens made with type II cement.
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Figure 9 Time of ﬁrst crack for concrete specimens made with type V cement.
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Figure 10 Critical time for concrete specimens made with type I cement.
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Figure 11 Critical time for concrete mixes made with type II cement.
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The critical time in this research work is deﬁned as the time up
to the 2.0 mm crack width. Fig. 10 gives the critical time for
concrete mixes made with type I Portland cement with and
without mineral admixtures. As an example, for concrete mix
with 350 kg/m3 cement content and 0.50 w/cm ratio made with
type I Portland cement, the increase in critical time is about
8.41%, 24.30% and 19.63% for concrete mixes made with
10%, 15%, and 25% silica fume as compared to that of the
control mix.
It seems that the critical times are sensitive to the change in
cement content for all used cement types. As the cement con-
tent increases, the critical time increases. This trend is the same
for concrete mixes made with silica fume and metakaolin. The
pervious behavior still exists for concrete mixes made with typeII and type V Portland cement as shown in Figs. 11 and 12.
Concrete mixes with type I Portland cement have greater crit-
ical time as compared to those of concrete mixes made with
type II and type V Portland cements.
Again, for different cement types and cement contents, the
use of metakaolin is better than that of silica fume for enhanc-
ing the critical time.
4.1.4. Concrete resistivity
The concrete resistivity is a function of corrosion resistance of
concrete where the increase of concrete resistivity inhibits the
ﬂow of electrons thereby the corrosion resistance increases.
Table 2 gives the calculated concrete resistivity of tested con-
crete mixes. These values were calculated using Eq. (1). The
current used to calculate the concrete resistivity is taken as
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Figure 12 Critical time for concrete specimens made with type V cement.
Table 2 Concrete resistivity test results.
Cement
content
(kg/m3)
w/cm
ratio
% of
cement
replacement
by weight
Concrete resistivity · 103
(Ohm mm) silica fume concretes
Concrete resistivity · 103
(Ohm mm) metakaolin concretes
Type I Type II Type V Type I Type II Type V
350 0.5 0 81.20 76.50 50.70 81.200 67.50 50.700
10 113.4 84.90 81.20 244.40 236.0 185.94
15 181.1 126.1 93.60 272.04 300.1 214.00
25 183.5 147.3 126.5 351.70 313.8 235.00
0.4 0 132.1 127.2 120.6 132.10 127.2 120.60
15 274.8 245.4 234.0 332.70 322.9 373.10
450 0.5 0 89.40 73.20 76.10 89.400 73.20 76.100
10 152.6 132.4 106.6 328.70 278.9 258.10
15 222.2 190.4 201.2 627.50 431.4 415.21
25 244.4 194.5 206.8 587.50 488.7 330.70
0.4 0 184.7 128.0 126.0 184.70 128.0 126.00
15 507.1 285.0 246.5 634.80 493.1 418.36
Table 3 Corrosion tendency factor test results.
Cement
content
(kg/m3)
w/cm
ratio
% of cement
replacement
by weight
Silica fume corrosion tendency
factor (1/mA ·Hr2) · 107
Metakaolin corrosion tendency
factor (1/mA ·Hr2) · 107
Type I Type II Type V Type I Type II Type V
350 0.5 0 3.57 3.58 3.59 3.57 3.58 3.59
10 3.55 3.57 3.57 3.54 3.46 3.51
15 3.37 3.4 3.8 3.52 3.52 3.56
25 4.56 4.57 5.33 3.77 3.76 3.77
0.4 0 3.19 3.35 3.39 3.19 3.35 3.39
15 3.06 3.34 3.33 2.94 3.17 2.95
450 0.5 0 3.44 3.46 3.46 3.44 3.46 3.46
10 3.3 3.33 3.34 3.38 3.43 3.46
15 3.22 3.23 3.28 2.89 2.76 2.88
25 3.83 3.96 4.49 3.57 3.62 3.66
0.4 0 2.79 2.86 2.85 2.79 2.86 2.85
15 2.25 2.45 2.48 2.66 2.71 2.77
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clearly indicated that the use of silica fume and metakaolin in-
creases the concrete resistivity and hence improves the corro-
sion resistance of concrete with mineral admixtures. As an
example, the increase of concrete resistivity for concrete mix
with 350 kg/m3 cement content and 0.50 w/cm ratio is about
39.7%, 123.0%, and 126.0% for concrete made with 10.0%,
15.0% and 25.0% silica fume, respectively, for concrete mixes
made with type I Portland cement as compared to that of con-
trol mix. Again, the use of metakaolin has a superior effect on
increasing concrete resistivity as compared to silica fume con-
cretes. The effect of cement type, cement content and w/cm ra-
tio is still the same for critical time and ﬁrst cracking time.
4.1.5. Corrosion tendency factor
The corrosion tendency factor is another tool to evaluate the
corrosion resistance of concrete. The corrosion tendency factor
can be calculated using Eq. (3) at any time using the data of
current-time relation. In this section, the corrosion tendency
factor at 2 mm crack width was calculated. Table 3 containsTable 4 Experimental and theoretical weight loss at 2.0 mm crack
Cement
content
(kg/m3)
w/cm
ratio
% of
silica
fume
content
Cement type
Type I
WLex
(gms)
WLth
(gms)
WLex/WLth
350 0.5 0 23.91 27.24 0.88
10 22.40 25.33 0.88
15 20.80 23.20 0.90
25 19.76 17.84 1.11
0.4 0 22.7 27.00 0.84
15 18.51 21.80 0.85
450 0.5 0 22.05 26.6 0.83
10 20.92 23.65 0.88
15 19.15 22.18 0.86
25 18.97 20.32 0.93
0.4 0 21.13 26.65 0.79
15 17.66 25.89 0.68
Table 5 Experimental and theoretical weight losses at 2 mm crack
Cement
content
(kg/m3)
w/cm
ratio
% of
metakaolin
content
Cement type
Type I
WLex
(gms)
WLth
(gms)
WLex/WLth.
350 0.5 0 23.91 27.24 0.88
10 20.42 23.02 0.89
15 16.87 21.41 0.79
25 20.18 20.92 0.96
0.4 0 22.70 27.00 0.84
15 14.69 20.83 0.71
450 0.5 0 22.05 26.6 0.83
10 18.84 23.47 0.80
15 17.89 19.46 0.92
25 15.75 20.32 0.78
0.4 0 21.13 26.65 0.79
15 12.20 20.60 0.60the values of corrosion tendency factor at 2 mm crack width
for concrete mixes with and without mineral admixtures made
with type I, type II and type V Portland cement. From this ta-
ble, it can be seen that the use of mineral admixtures as cement
replacement decreases the corrosion tendency factor indicating
the enhancement of the corrosion resistance of concrete. The
effect of using type I cement, high cement content and low
w/cm ratio on enhancing corrosion resistance also appears
on the corrosion tendency factor test results.
4.1.6. Weight loss
The theoretical steel weight loss can be calculated at any time
using Faraday’s equation as mentioned earlier (Eq. (2)). Tables
4 and 5 contain the theoretical steel weight loss after 75 h for
concrete with and without mineral admixtures for concrete
made with type I Portland cement. From these tables, it can
conclude that the use of mineral admixtures decreases the the-
oretical weight loss.
The effect of cement content on theoretical steel weight loss
is clear where the increase of cement content from 350 towidth for silica fume concretes.
Type II Type V
WLex
(gms)
WLth
(gms)
WLex/WLth WLex
(gms)
WLth
(gms)
WLex/WLth.
24.41 27.74 0.88 25.29 29.04 0.87
22.99 25.82 0.89 22.83 24.47 0.93
20.96 24.67 0.85 20.97 23.97 0.87
20.01 20.53 0.97 20.53 20.31 1.01
22.68 26.81 0.85 23.15 27.72 0.84
18.69 21.97 0.85 18.94 21.39 0.88
22.19 27.31 0.81 23.57 28.72 0.82
20.98 24.80 0.85 21.76 26.47 0.82
19.57 23.06 0.85 20.14 23.38 0.86
19.92 21.13 0.94 20.01 20.19 0.99
21.55 26.98 0.80 21.04 28.04 0.75
17.96 26.45 0.68 18.42 26.71 0.69
width for metakaolin concretes.
Type II Type V
WLex
(gms)
WLth
(gms)
WLex/WLth. WLex
(gms)
WLth
(gms)
WLex/WLth.
24.41 27.74 0.88 25.29 29.04 0.87
20.16 23.71 0.85 23.05 23.74 0.97
17.04 23.71 0.72 17.15 22.01 0.78
20.85 21.01 0.99 21.19 22.68 0.93
22.68 26.81 0.85 23.13 27.72 0.84
17.83 20.57 0.87 21.86 22.15 0.98
22.19 27.31 0.81 23.57 28.72 0.82
18.85 22.04 0.86 19.16 22.95 0.83
17.99 24.18 0.74 18.18 23.8 0.86
18.37 19.85 0.93 19.77 21.22 0.93
21.55 26.98 0.80 21.04 28.04 0.75
12.14 21.32 0.57 14.41 20.69 0.70
74 A.M. Diab et al.450 Kg/m3 decreases the theoretical weight loss. Also, the con-
crete cement type has a notable effect where generally, the con-
crete mix made with type I Portland cement has a small weight
loss as compared to that of the same mix made with other
types of cement. The use of metakaolin instead of silica fume
decreases theoretical weight loss as shown in the previous ta-
bles. For cement content of 350.0 kg/m3and w/cm ratio of
0.50, the weight loss of concrete specimens made with type II
or type V cement is greater than that of concrete specimens
made with type I cement by 2.1% and 5.8%, respectively. Also
the addition of 10.0%, 15.0% and 25.0% of silica fume to con-
crete mixes made with type I cement and w/cm ratio of 0.50 re-
duces the weight loss by 6.3%, 13.0% and 17.4%, respectively.
While this reduction due to the addition of 10.0%, 15.0% and
25.0% of metakaolin is 14.6%, 29.4% and 15.6%, respectively.
The comparison between the theoretical and experimental
weight losses is presented in Tables 4 and 5. From this table,
it can be seen that, generally, the experimental weight loss is
less than the corresponding theoretical weight loss. From the
comparison results, the average ratio between experimental0.0
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Figure 13 Current intensity–time relations for concrete specimens
mineral admixtures.weight losses to theoretical weight losses are about 0.861 and
0.831 for concrete mixes with silica fume and metakaolin,
respectively.
4.2. Effect of curing medium
The effect of seawater and potable water media is shown in
Fig. 13. It appears at the initial time that all concrete mixes
cured in potable water medium have current intensity greater
than that of concrete mixes cured in seawater medium. The
current intensity for concrete mixes cured in seawater up to
20 h is almost negligible. This may be due to a high electrical
resistivity that is due to a formation of magnesium hydroxide,
which acts as an impermeable layer on the face of concrete
specimens. However, once the chlorides diffuse this layer, the
current intensity values increase with very high rate and then
the ﬁrst corrosion crack occurred. From this ﬁgure, generally,
it can be seen that at the same time, the current intensity for
type I Portland cement is less than that of both type II and
type V Portland cements.0.0 40.0 80.0 120.0 160.0 200.0
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Effect of mix proportions, seawater curing medium and applied voltages 75Table 6 contains the values of time of ﬁrst crack and critical
time for concrete specimens cured in potable medium and in
seawater medium. The time of ﬁrst crack for concrete mixes
cured in seawater medium is less than that of concrete mixes
cured in potable water medium. As an example, the reduction
of time of ﬁrst corrosion crack for concrete mixes without sil-
ica fume in seawater medium and made with type I, type II,
and type V Portland cement varies from 33.0%, and 35.0%
as compared to that of the concrete mixes cured in potableTable 6 Cracking time and critical time for concrete cured in pota
Curing medium Control
Type I Type II Type
Time of ﬁrst crack (h) Potable water 72.25 70.5 69.75
Seawater 47 47 47
Critical time (h) Potable water 121 116 111
Seawater 105 95 90
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Figure 14 Current intensity–time relations fowater medium respectively. This reduction is on the order of
42.0 for concrete with 15.0% silica fume.
The effect of curing medium on the critical time is still the
same for cracking time where the critical time for concrete
mixes made with type I Portland cement is generally greater
than that of concrete mixes made of type II and type V
Portland cement. From this table, the critical time for concrete
mixes cured in seawater medium is less than that of critical
time for concrete mixes cured in potable water medium.ble water and seawater media.
15.0% silica fume 15.0 Metakaolin
V Type I Type II Type V Type I Type II Type V
88.75 86.75 86 88 83 77.5
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76 A.M. Diab et al.The positive effect of using mineral admixture and type I
Portland cement is also clear in Table 6. The effect of using
metakaolin as compared to silica fume is of great interest,
where the use of silica fume is better than that of metakaolin
in increasing time of ﬁrst crack in potable water medium and
seawater medium. On the contrary, concrete mixes with
metakaolin have critical time values greater than that of silica
fume concrete because metakaolin is rich in aluminum dioxide,
thus it hinders the penetration of chloride ions and reduces the
rate of corrosion.
4.3. Effect of applied voltage on corrosion accelerating test
4.3.1. Current intensity–time relations
Concrete mixes made with type I Portland cement with 0.50 w/
cm ratio with 0.0%, 15.0% silica fume and 15.0% metakaolin
are selected to study the effect of the applied voltage on the
corrosion accelerating test results. Fig. 14 shows the current
intensity-time relations under 15.0, 30.0 and 55.0 volts. From
this ﬁgure, it is clear that the change of applied voltage does
not change the trend of these relations. For all applied volt-
ages, at the same time, the use of mineral admixtures decreases
the corresponding measured current intensity. In addition, at
the same time, the use of 15.0% metakaolin decreases the mea-
sured current intensity as compared to those of the control mix
and concrete mix with 15.0% silica fume. However, from a
general prospective, increasing the applied volts deﬁnitely re-
duces the life time of tested specimens.
4.3.2. Time of ﬁrst crack
Fig. 15 shows the effect of applied voltage on the time of ﬁrst
crack. From this ﬁgure, the reduction of applied voltage on the
accelerating test increases the time of ﬁrst crack. This trend is
the same for concrete mixes with and without mineral admix-
ture. As an example, for control mix, the increase of applied
voltage from 15.0 volts to 30.0 and 55.0 volts reduces the time
of ﬁrst crack by about 20.40% and 37.8%, respectively. In
addition, the use of 15.0% metakaolin achieved higher time
of ﬁrst crack as compared to those of control mix and concrete
mix with 15.0% silica fume.40.0
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Figure 15 Effect of applied voltage on time of ﬁrst crack.4.3.3. Critical time
The effect of applied voltage on critical time is presented in
Fig. 16. From this ﬁgure, the effect of mineral admixtures on
enhancing the critical time is obvious under various voltages.
The increase of applied voltage from 15.0 volt to 30.0 and
55.0 volts decreases the critical time for concrete mixes with
and without mineral admixtures. Also, the use of 15.0%
metakaolin has a higher critical time value as compared to
other mixes.
4.3.4. Weight loss
The effect of the applied voltage on actual steel weight loss of
steel up to 2 mm crack width is shown in Fig. 17. From this
ﬁgure, the increase of the applied voltage increases the steel
weight loss for concrete specimens made with and without
mineral admixtures. As an example, for control mix, the in-
crease of the applied voltage from 15.0 to 30.0 and 55.0 volts
increases the actual weight loss by about 113.5% and
180.30%, respectively.
This means that the use of high voltage can be used to get
earlier results and it can be used to differentiate between
variables.Control 15% SF 15% MK
40.0
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Figure 16 Effect of applied voltage on critical time.
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Figure 17 Effect of applied voltage on steel weight loss.
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The use of mineral admixtures enhances the corrosion resis-
tance of concrete. This is clear from the higher time of ﬁrst
crack, critical time and electrical resistivity besides the lower
weight loss and corrosion tendency factor as compared to con-
crete without mineral admixtures.
The use of mineral admixtures has two opposite mecha-
nisms. Firstly, they react with calcium hydroxide, pozzolanic
reaction, and produce secondary gel and they act as ﬁller
due to their ﬁneness as compared to cement. This mechanism
enhances the corrosion resistance. Secondly, the pozzolanic
reaction reduces the amount of calcium hydroxide, which re-
duces the pH value of concrete. This mechanism, reducing
the pH value, decreases the steel corrosion protection [9,11,14].
From the previous test results, the opposite effect on pH va-
lue for silica fume is considered negligible (ineffective) because
the previous test results showed that the replacement of cement
by silica fume up to 20% doesn’t drop the pH value below
12.5. In addition, the use of 30% silica fume replacement does
not drop the pH value below 11.5, which is considered the
threshold value of corrosion [11]. The positive effect of using
mineral admixtures, after neglecting the effect of the reducing
the pH value, is due to the enhancing of concrete properties
due to the use of mineral admixtures. The reﬁnement of pores
and low permeability are responsible for the enhancing of the
corrosion resistance of concrete containing mineral admix-
tures. The permeability of concrete is approved in that it has
a direct responsibility on the ingress of chloride and retards
the ﬂow of current and then enhances the corrosion resistance
[4,10,21]. Also the use of metakaolin develops the gel structure
leading to an increase in the extent of crosslinking, and higher
alkalinity giving a more depolymerized gel structure [5].
The previous studies showed that the use of mineral admix-
tures enhances the mechanical properties of concrete including
the tensile strength of concrete. The tensile strength has a di-
rect effect on the time of ﬁrst crack where the increase of ten-
sile strength increases the time of cover cracking [6]. The
positive effect of using low w/cm ratio and high cement content
on increasing the time of ﬁrst crack is due to the enhancing of
tensile strength of concrete. In addition to high tensile
strength, the use of silica fume and metakaolin increases the
concrete resistivity that enhances the corrosion resistance of
concrete.
Based on the argument mentioned above and the test re-
sults reported herein, it seems reasonable to conclude that
the use of mineral admixtures, high cement content and low
w/cm ratio increases the resistivity of the concrete [9]. This
mechanism explains also why the mineral admixtures, low w/
cm ratio and high cement content enhance the corrosion resis-
tance of concrete containing mineral admixtures. The high
resistivity of concrete by either using mineral admixtures and
high cement content or low w/cm ratio decreases the measured
current under a constant voltage. This leads to an increase in
the critical time. The high resistivity leads to a decrease in
the area under current intensity-time relation which decreases
the weight loss. This mechanism is approved by the test results
reported elsewhere [3,13,20].
The negative effect of using type II and type V Portland ce-
ment as compared to type I Portland cement is due to the low-
er percentage of C3A of type II and type V Portland cement ascompared to type I Portland cement [20]. This behavior is due
to the ability of C3A to combine with the dissolvable chloride,
resulting in the formation of insoluble Friedel’s salt (3CaO-
Al2O3CaCl210H2O), and possibly ferrite analog (3CaO-
Fe2O3CaCl210H2O). This combining of C3A with free
chlorides in hydrated cement results in the reduction of corro-
sion inducing dissolvable chlorides in the pore solution and
hence, lowering the corrosion risk [20]. The positive effect of
using type I Portland cement may also be due to the high resis-
tivity of type I Portland cement as a result of the high content
of alumina. The presence of alumina increases the concrete
resistivity. This may be responsible for the high resistivity of
high alumina cement as compared to other types of cement
[15,17,19].
6. Conclusions
Based on this experimental study, the following conclusions
can be drawn:
 The use of 10.0% and 15.0% mineral admixture increases
the time of ﬁrst corrosion crack appearance and critical
time while generally the use of 25.0% mineral admixture
decreases the time of the ﬁrst crack and critical time.
 The decrease of w/cm ratio from 0.50 to 0.40 for concrete
with and without mineral admixture increases the time of
ﬁrst corrosion crack appearance and critical time by up to
20.0%.
 The increase of cement content in concrete with and with-
out mineral admixture increases the time of ﬁrst crack.
 The use of type I Portland cement with concrete increases
the time of ﬁrst crack and critical time as compared to type
II and type V Portland cement.
 For concrete with and without mineral admixture, the
reduction of w/cm ratio, the increase of cement content
and the use of type I Portland cement improve the electrical
concrete resistivity.
 The use of 10.0% and 15.0% mineral admixture decreases
the theoretical and experimental weight losses.
 The change of curing medium from potable water to seawa-
ter reduces the time of ﬁrst crack and critical time.
 The use of silica fume and metakaolin increases the time of
ﬁrst crack and critical time in seawater medium.
 From the point of corrosion resistance, the use of metaka-
olin is better than the use of silica fume for concrete cured
in either potable or seawater medium.
 In seawater medium, the change of cement type does not
change the time of ﬁrst crack but the critical time of Type
I Portland cement is greater than that of concretes made
with type II and type V Portland cement.
 The increase of applied voltage from 15.0 volt to 30.0 and
55.0 volts decreases the critical time for concrete mixes with
and without mineral admixtures. Also the increase of the
applied voltage increases the steel weight loss for concrete
specimens made with and without mineral admixtures.
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